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The present invention relates to the medical diagnostic and surgical arts. It finds particular 
application in conjunction with neurosurgery and will be described with particular reference 
thereto. However, it is to be appreciated that the invention will also find application in conjunction 
with various medical procedures, including neurobiopsy, CT-table needle body biopsy, breast 
10 biopsy, endoscopic procedures, orthopedic surgery, and the like. 

Three-dimensional diagnostic images of the brain, spinal cord, and other body portions are 
produced by diagnostic imaging equipment such as CT scanners, magnetic resonance imagers, and 
the like. These imaging modalities often provide structural detail with a resolution of a millimeter 
or better. 

15 Image guided surgery systems have been developed to utilize this data to assist the surgeon 

in presurgical planning and in accurately locating a region of interest within the body of a patient. 
In the operating theater, these systems are used to display position and orientation of a surgical tool 
in its correct location with respect to the images of the patient. One example of an image guided 
surgery system is U.S. Patent No. 5,517,990, Stereotaxy Wand and Tool Guide, to Kalfas et al. 

20 issued May 21, 1996, incorporated by reference herein. 

Three and sometimes four views of image data are displayed on a monitor visible to the 
surgeon. These views typically include axial, sagittal, and coronal views of the patient. A fourth 
oblique view is sometimes displayed, presenting image data in a plane orthogonal to the tip of the 
probe. The location of the tip of the tool and the tool's trajectory, together with the desired location 
25 and trajectory, are displayed on one or more of these images. The algebraic distance between the 
tip of the tool and a desired position may also be displayed numerically on the monitor. The 
distance may also be calculated along an axis orthogonal or parallel to the plane of one or more of 
the views. 
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Although image guided surgery systems are more accurate and provide the surgeon with 
more information compared to previous techniques, it is sometimes difficult to visualize, with 
reference to image data displayed on the monitor, the manipulation required to place the surgical 
tool in the desired position and orientation. As will be appreciated, the surgeon is required to 
'5 visualize the position of the tool with respect to the image data and then relate that information to a 
required motion of the tool in relation to the patient This task is complicated by the three 
dimensional nature of the required manipulation, the two dimensional nature of the images, and the 
often disparate positions of the monitor and the patient 

Current systems also require that the surgeon view the monitor to determine the position of 
10 the tool. The surgeon is thus forced to divert his or her attention from the tool and the patient, 
thereby complicating the positioning process. Accordingly, it would be desirable to provide the 
surgeon with a readily understandable indication of the proper tool position and orientation without 
requiring the surgeon to divert his or her attention to a remote monitor or display. 

The present invention provides a new and improved method and apparatus which addresses 
15 the above-referenced matters, and others. 

Suflinniinmary 

According to a first aspect of the invention, an apparatus for guiding the movement of a 
surgical tool comprises means for indicating the difference between the actual and desired position 
of the tool. According to another aspect of the invention, the tool has a tool reference frame and 
20 the difference is indicated with respect to the tool reference frame. According to a further aspect, 
the means for indicating is mounted to the tool. The means for indicating may further include at 
least one light emitting diode which indicates a direction and orientation in which the tool should be 
moved to reach the desired position. According to other aspects of the invention, the means for 
indicating may be a light emitting diode or an LCD display. 

25 According to yet another aspect of the invention, the apparatus further comprises means for 

defining a desired position of the tool based on an image of the anatomy of a patient, means for 
determining the actual position of the tool, and means for determining the difference between the 
actual and desired positions. The means for determining die position may include, for example, an 
infrared localizer, a laser locating device, an ultrasonic localizer, an articulated arm, or the like. 

30 According to yet other aspects of the invention, the actual and desired positions of the tool 

are at least one of a desired location, trajectory, deptii, and rotation of the tool. The tool, which 
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may be a tool guide, may also include a position indicator and a mode indicator. The indicating 
means may also include a plurality of indicators mounted in a plane substantially orthogonal to the 
pointing axis of the tool. The indicating means may also provide an audible indication. 

According to a further aspect of the invention, an apparatus for guiding a surgical tool in 
5 relation to the anatomy of a patient comprises a surgical tool and at least one position indicator. 
The indicator provides an indication of one or both of the direction or distance in which the tool 
should be moved to reach a desired position. The desired position may be at least one of a desired 
location, orientation, depth, and rotation. The tool may include first and second position indicators 
arranged along a first line and second and third indicators arranged along a second line. The first 
10 and second lines are perpendicular. 

According to yet anodier aspect of the invention, an apparatus for guiding tiie movement of 
a surgical tool with respect to the anatomy of a patient includes a surgical tool, means for defining a 
desired position of the tool based on an image of the anatomy, means for determining the actual 
position of the tool; means for determining the difference between the actual and desired positions, 
15 and at least one indicator mounted to the tool, the indicator providing an indication of the difference 
between the actual and desired positions. 

According to still another aspect of the invention, a surgical tool comprises a plurality of 
infrared emitters and at least one position indicator. 

According to still other aspects of the invention, a method for guiding the movement of a 
20 surgical tool is provided, A desired position is defined with respect to an image of a patient's 
anatomy. The actual position of a surgical tool is determined with respect to the patient, and 
reference frames associated with die image and the patient are correlated. The direction the tool 
must be moved to reach the desired position is determined, and the direction in which the tool must 
be moved to reach the desired position is indicated. According to other aspects of the invention, 
25 the direction is indicated in relation to the tool reference frame. The distance the tool must be 
moved may also be determined and indicated. The distance and direction may be indicated by 
varying the blink rate or color of an indicator. 

According to still further aspects of the present invention, the patient is supported by a 
patient support and the step of indicating utilizes an indicator mounted in fixed relation to the 
30 support. The method may further comprise the steps of establishing a threshold, determining the 
difference between the actual and desired positions, and indicating that the tool must be moved 
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only if the distance is greater than the threshold. According to another aspect, a mode is selected 
and indicated. Based on the mode, the direction in which the tool must be moved to reach one of a 
desired location and orientation is indicated. 

Other aspects, advantages, and features of the invention will be apparent from the 
5 following description of the preferred embodiment and the accompanying drawings. 

Descriptioini of the Drawiimgs 

The invention may take form in various components and arrangement of components, and 
in various steps and arrangements of steps. The drawings are only for purposes of illustrating a 
preferred embodiment and are not to be construed as limiting the invention. 

10 Figure 1 A is a perspective view of an operating room in which the present invention is 

deployed. 

Figure IB is a block diagram of a system according to the present invention. 
Figure 2 is a perspective view of a surgical tool. 

Figures 2A-2D depict different embodiments of position and mode indicators. 

15 Figures 3A-3F depict signals provided by the position indicators. 

Figures 4A-4C are perspective views of a surgical tool which demonstrate rotational 
invariance. 

Descripttioim 

A patient reference frame is defined using three or more reference points fixed in relation to 
20 the anatomy of the patient According to one method, at least three fiducial markers visible to the 
imaging device are affixed to the skin prior to imaging. The fiducials are markers or small beads 
that contain material visible using a desired imaging technique. A small dot or tattoo is made on the 
patient's skin and a fiducial is glued to each dot. This enables the position of the fiducial to be 
denoted even if the fiducials are removed in the interval between the collection of the image data 
25 and the surgical procedure. 

The fiducials may also be affixed to the patient using attachment means such as screws. 
Thus, for example, three or more fiducial markers may be affixed to the skull of the patient to 
define a reference frame with respect to the patient's head. Fiducial markers may of course be 
affixed to other portions of the anatomy to define a reference frame with respect thereto. 
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According to another technique, three or more anatomical reference points more arc used. 
In spinal surgery, for example, reference points may be defined with respect to the spinous and 
transverse processes. In cranial surgery, reference points may be defined with respect to the 
nasion and other readily identifiable reference points. Of course, reference points may also be 
'5 defined with respect to other portions of the anatomy. 

Conventional stereotactic locating frames may also be used to define the patient reference 

frame. 

An image of the patient is obtained using magnetic resonance, computed tomography or 
other technique which produces a volumetric image of the patient's anatomy. A three dimensional 

10 image is produced and contains video value for each voxel in a three dimensional grid, preferably a 
256 X 256 X 256 grid. When each image value represents a one millimeter cube, the image data 
represents about a 25.6 centimeter cube through the patient The image data is characterized by its 
own image frame of reference. Based on the location of the three or more reference points within 
the image data, the image and patient reference frames can be correlated or registered. Stated 

15 another way, the position of a feature of interest within the image can be determined with respect to 
its position with the patient 

This information can be used to assist the physician with presurgical planning and to 
provide information relating to the position and orientation of the anatomy and surgical instrument 
during a surgical procedure. For example, the surgeon may wish to define a target 27c, entry point 
20 27a, other desired location of a surgical tool or probe with respect to a feature visible in the image. 
One example of such a target is a lesion. Similarly, die surgeon may wish to define a desired 
trajectory 27b to reach the target The surgeon may also wish to define a desired rotational 
orientation 27d of die surgical tool. 

The applicable locations, trajectory, or orientation are entered by the surgeon using operator 
25 console 18 in conjunction with die monitor 30. For example, the surgeon may use a trackball or 
mouse (not shown) in connection with a cursor displayed on the monitor 30 to designate a target 
and entry point widi respect to one or more displayed images. Once these points have been 
defined, a computer system 20 can calculate and display the desired trajectory. 

Witii reference to Figure 1 A, the patient is received on an operating table or other subject 
30 support 10 and appropriately positioned witfiin the operating room. A securing means such as a 
head clamp 16 securely positions a portion of the subject under consideration. A locating device 



5 




Pn 3248 

29 such as an infrared localizer determines the location 159a and orientation 159b of at least one 
surgical tool. 

In the preferred embodiment, the locating device is an infrared localizer such as the 
Polaris™ localizer system supplied by Northern Digital, Inc. of Waterloo, Ontario, Canada. The 

5 localizer system includes two spaced apart infrared cameras 14 mounted on a sensor head 12. The 
sensor head 12 is in turn mounted in a fixed position within the operating room, for example on a 
stand 15 resting on the floor. The cameras 14 may be mounted in another known position in the 
operating room environment, such as to the ceiling or wall or to the subject support 10. Of course, 
other locating devices, such a ultrasonic, optical, or electromagnetic localizers, may be used. The 

10 surgical tool may also be mounted to an articulated arm, the arm functioning as the locating device. 

With continuing reference to Figure 1 A and further reference to Figure IB, an operator 
console 18 houses a computer system 20. Alternately, the computer system can be remotely 
located and connected with the control console 18 by cabling. The computer system includes a 
data memory 22 which contains data indicative of a three-dimensional image of the patient. 
15 Because the data can be visualized as a three-dimensional rectangular grid, selectable orthogonal 
and other oblique planes of the data can be readily withdrawn from the memory using conventional 
technology. 

The plane or slice selector 24 selects axial, sagittal, coronal, and oblique planes through a 
selectable point of the patient from the image data 22 for display on the monitor 30. The pixel 
20 values which lie on the selected planes are copied into corresponding image memories 26a, 26b, 
26c, 26d. A video processor 28 converts the two-dimensional digital image representations from 
one or more of image memories 26 into appropriate signals for display on video monitors 30 or 
other appropriate image displays. 

With reference to Figures 1 A and 2, the surgical wand or tool 40 is characterized by a tool 
25 reference frame. For example, the tool reference frame may be defined such that the origin is at the 
tip 44 of the tool 40 and having an axis substantially collinear with the pomting axis of the tool 40. 
The tool 40 includes at least three infrared emitters 48a, 48b, 48c having a known relationship to 
the tool reference frame. Additional emitters may be used to provide a redundant indication in case 
the line of sight between of the emitters and the cameras is blocked or to permit more accurate 
30 determination of the position of the tool. Based on the signals detected by the cameras 14, the 
'location and orientation of the tool 40 and hence the tool reference frame with respect to the 
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cameras 14 and hence the operating room reference frame are determined. The position of the 
patient may also be determined using three or more infrared emitters mounted to the securing 
* means or clamped in a fixed relation to die patient 

The patient, image, tool, and operating room reference frames are correlated or registered 
5 by touching die tip 44 of the surgical tool 40 to the at least three reference points defined in relation 
to die patient and determining the location 159a and orientation 159b of the tool 40 at each point. 

Based on diis information, the transforms between patient, image, tool, and operating room 
reference frames can readily be calculated. As is well known in the art, a transform is 
accomplished by determining an offset Xoffset* Yoffset* ^offset* between the reference frames to be 
10 transformed. These values of Xoffset» YofTseb Zoffset are added to or subtracted from die coordinates 
of one of the reference frames as required to translate between the two. The coordinate systems are 
then rotated relative to each odier about dieir origins by angles a, y so that their respective x, y, 
and z axes coincide. 

Coordinate transform 160 transforms or matches die patient and image reference frames. 

15 The location and orientation of the tool are connected though die transform 160 with die slice select 
24 and die video processor 28 to display the location of die tool tip 44 and the trajectory of the tool 
40 superimposed on one or more selected images of the patient The display is updated 
approximately four times per second to provide a real time indication of the tool position. The \ 
desired entry point, trajectory, target, and rotation may be similarly displayed with respect to the ^ 

20 appropriate images. The difference between the actual and desired position of the tool is readily \ 
calculated. The direction and distance which the tool must be moved to reach a desired position is 
also readily calculated. 

The tool 40 also includes a position indicator system 131 which includes one or more 
indicators such as a human readable display or visible LED's 200, 202, 204, 206, 208 mounted in 
25 a known relation to the tool reference frame. The indicators are preferably moimted at die distal 
end 49 of the tool so as to be readily visible to die surgeon and in a plane generally ordiogonal to 
the pointing axis of die tool 40. 

The mode indicator 208,which indicates the mode of the system, is preferably a multicolor 
LED such as a red/green LED, The position indicators 200, 202, 204, 206 are used to indicate a 
30 direction in which die tool should be moved to reach a desired position. Stated another way, die 
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position indicators 200, 202, 204, 206 indicate die difference between the actual and desired 
position of the tool. Two position indicators 200, 204 are mounted along a fu-st line; two other 
position indicators 202, 206 are mounted along a second line perpendicular to the fust The mode 
indicator 208 is mounted so as to readily distinguished from the position indicators 200, 202, 204, 
*5 206, for example in their approximate center. 

Coordinate transform 29 transforms or matches the image and tool reference frames. The 
location and orientation of the tool are connected through the transform 29 with the position 
indicator system to indicate the direction in which the tool must be move to reach a desired 
position. By determining the location and orientation of the tool, the location and orientation of the 
10 indicators such as LEDs 200, 202, 204, and 206 are also determined. Stated another way, the 
location and orientation of the indicators are determined. Knowing this information, the 
appropriate LEDs are illuminated to indicate the direction in which the tool should be moved. 

The indicator system has at least location and orientation modes. The modes may be 
selected by the surgeon using a mode select 111 such as a foot switch, a switch located on the tool, 

15 or through the operator console 18. The location mode is indicated, for example, by illuminating 
the mode indicator 208 to be green in color. In location mode, the position indicators indicate the 
difference between an actual and desired tip location. Stated another way, die position indicators 
indicate the direction in which the tip 44 should be moved to reach the desired location. This 
information is preferably provided with respect to the tool's x-y plane, i.e., in a plane orthogonal 

20 to the pointing axis of the tool. 

The orientation mode is indicated by illuminating the mode indicator 208 to be red in color. 
In orientation mode, the position indicators 200, 202, 204, 206 indicate the difference between an 
actual and desired tool orientation. Stated another way, die position indicators indicate the angular 
direction in which the tool 40 should be moved to reach a desired orientation. 

25 Additional modes are also contemplated. A depth mode is used to indicate the difference 

between an actual and desired depth. Stated another way, the position indicators indicate the 
direction which the tool tip 44 should be moved along its pointing or z-axis to reach a desired 
location. Similarly, a rotate mode is used to indicate the difference between an actual and desired 
tool rotation. Stated anodier way, die position indicators indicate the direction the direction in 

30 which die tool should be rotated about its z axis to reach a desired rotational orientation. These 
modes are indicated by causing the mode indicator 208 to blink. For example, the depdi mode may 
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be indicated by causing the mode indictor 208 to blink green in color. The rotate mode may be 
indicated by causing the mode indicator 208 to blink red in color. 

Examples of the signals provided by the position indicators 200, 202, 204, 206 in location 
mode are shown in Figures 3A and 3B. Figure 3A shows position indicator 204 illuminated while 
5 positions indicators 202, 206, and 200 are dark. This indicates that the tip 44 of the tool should be 
translated in the direction of indicator 204 to reach the desired location. Figure 3B shows position 
indicators 200, 202 illuminated while position indicators 204, 206 are dark. This indicates that the 
tip of the tool should be moved in the direction of the illuminated position indicators 200, 206 to 
reach the desired location. When the tool reaches the desired location, the position indicators are 
10 no longer illuminated. 

Examples of the signals provided by the position indicators 200, 202, 204, 206 in 
orientation mode are shown in Figures 3C and 3D. Figure 3C shows position indicator 206 
illuminated while position indicators 200, 202, 204 are dark. This indicates that the angular 
position or orientation of the tool should be changed by moving the distal end of the tool in the 

15 direction of indicator 206 to reach the desired orientation. Figure 3D shows position indicators 
200, 206 as illuminated while position indicators 202, 204 are dark. This indicates that the angular 
position or orientation of the tool should be changed by moving the distal end 49 of the tool in the 
direction of the illuminated position indicators 200, 206. Of course, the desired angular position 
could also be reached by moving the tool tip 44 in the opposite direction. When the tool reaches 

20 the desired orientation, the position indicators are no longer illuminated. 

Examples of the signals provided by the position indicators 200, 202, 204, 206 in the 
depth mode are shown in Figures 3E and 3F. Figure 3E shows the position indicators being 
illuminated sequentially in a clockwise direction at multiples of time interval At This indicates that 
the tool should be moved in the -z direction to reach the desired location. Figure 3F shows the 
25 position indicators being illuminated sequentially in a counterclockwise direction, again at multiples 
of time interval At. This indicates that the tool should be moved in the z direction to reach the 
desired location. When the tool reaches the desired location, the position indicators are no longer 
illuminated. 

Examples of the signals provided by the position indicators 200, 202, 204, 206 in the 
30 rotate mode are also shown in Figures 3E and 3F. Figure 3E shows the position indicators being 
illuminated sequentially in a clockwise direction at multiples of time interval At This indicates that 
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the tool should be rotated about the z-axis in the direction of rotation, i.e. clockwise when viewed 
from the distal end. Figure 3F shows the position indicators being illuminated sequentially in a 
counterclockwise direction, again at multiples of time interval At. This indicates that the tool 
should be rotated about the z axis in the direction of rotation, i.e. counterclockwise when viewed 
'5 from the distal end. When the tool reaches the desired orientation, the position indicators are no 
longer illuminated. 

With reference to Figure 4, the signals provided by the position indicators are rotationally 
invariant Stated another way, the position indicators provide positional information with respect 
to the tool reference frame such that positional information is correctly indicated irrespective of the 

10 orientation of the tool and hence the position indicators. Figure 4A depicts a tool in location mode 
with position indicators 204, 206 illuminated to indicate the direction in which the tool tip should 
be moved. The upright letter "A" indicates the rotational orientation of the tool about its z axis. As 
indicated by the inverted letter "A" at the position of the tool tip 44, Figure 4B depicts the tool with 
the tip 44 in the same position but with the tool rotated 180^ about its z axis. Position indicators 

15 200, 202 are now illuminated and indicate that the direction of the translation of the tool tip remains 
unchanged. As the tool is rotated between the rotational orientations shown in Figures 4A and 4B, 
tiie tool will reach an orientation, depicted in Figure 4C, where only indicator 204 is illuminated. 
This indicates that the tip of the tool should be moved in the direction of the illuminated indicator 
204. In the illustrated example, it should also be noted that there are three other rotational 

20 orientations where only a single indicator will be illuminated. As wiU be appreciated, rotational 
invariance is equally applicable to the other system modes. 

More than one set of position indicators 200, 202, 204, 206 may also be provided. For 
example, a set of position indicators may be provided for each of die system modes. Figure 2B 
^ depicts such an implementation for a system having location, orientation, and depth modes. 
25 Position indicators 200x, 202x, 204x, 206x indicate the necessary movement of the tool tip 44 to 
reach die desired location. Indicators 200t, 202t, 204t, 206t indicate the necessary angular 
movement of the tool to reach the desired orientation. 

Indicator 208d is a two color LED used to provide a depth indication analogous to that 
described above in Figures 3E and 3F. Illuminating the depth indicator 208d to be red in color 
30 indicates tiiat the tool tip 44 should be moved in the tool z direction. Dluminating the depth 

indicator to be green in color indicates that the tool tip 44 should be moved m the tool -z direction. 
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A mode indicator is of course not required where a set of position indicators is provided for 
each of the system modes. The system mode may also be selected and displayed by a switch 
mounted on the tool or other convenient location. Where required, the mode of the indicator 
system may be displayed in alternate ways. For example, a plurality of mode indicators may be 
'5 used. For example, a separate mode indicator may be provided for each of the system modes, with 
the corresponding indicator illuminated to indicate die appropriate mode. The system mode may 
also be displayed using indicators remote from the tool yet readily visible by the surgeon, for 
example affixed to the patient support 10, the head clamp 16, or other structure. The mode may 
also be displayed on one or more of the monitors 30. 

10 In addition to indicating the direction in which the tool should be moved, the position 

indicators 200, 202, 204, 206 provide a relative indication of the magnitude of the required 
motion. For example, a relatively large translation or angular movement is indicated by causing the 
relevant indicator to blink relatively quickly; a small translation or angular movement is indicated 
by causing the indicator to blink relatively slowly. Where die magnitude of the motion is indicated 

15 by sequentially illuminating the indicators as shown in Figures 3E-3H, the magnitude is indicated 
by varying the rate at which the indicators are sequentially illuminated. Stated another way, time 
interval At is varied. The magnitude of the required movement may also be indicated by varying 
the brightness of the indicator. A relatively large movement is indicated by causing the indicator to 
be brightly illuminated; a small movement is indicated by causing the indicator to be dimly 

20 illuminated. Multicolor indicators such as red/green LED's can also be used. 

Threshold 133 and gain 135 settings are also established for each of the modes. The 
threshold setting 133 defines a minimum difference between an actual and desired position, 
orientation, or rotation, as die case may be, which will cause the position indicator system to 
indicate that movement of the tool is required. The gain setting 135 defines the relationship 
25 between the indicator blink rate or other displacement indication and the difference between the 
actual and desired location, depth, orientation, or rotation. The threshold 133 and gain 135 
settings are preset within the computer and may be adjusted by the surgeon using the operator 
console 18 depending on the needs of a particular surgical operation. 

The position indicator system may be used in connection with any surgical tool where it is 
30 necessary to guide the position or trajectory of die tool with respect to a patient For example, the 
system may be used in connection witii a wand or probe, a drill or forceps, or a tool guide. With 
reference to Figure 1 A, a tool guide 60 ordinarily includes a guide means such as a bore for 
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defining the trajectory of a surgical tool. Although the tool guide in Figure 1 A is depicted as being 
hand held, it will be appreciated that the tool guide may also be mounted to a suitable structure 
within the operating room such as the patient support 10, the head clamp 16, the body of the 
patient, or the like. Similarly, the tool guide may take one of several forms, such as a guide block 
5 or the like. Inasmuch as the axis of the guide means with respect to the tool guide is known, the 
trajectory or orientation of a tool inserted in the bore is known. Similarly, the location of a point 
having a known location along the guide axis can be determined. For the purposes of adjusting the 
tool guide, such a point is used to define location of the tip of a tool which will be inserted therein. 

In such an embodiment, the tool guide includes three or more emitters 48 and indicators 
10 200, 202, 204, 206, 208. The emitters and indicators function as described above, and the 
surgeon uses the indicators to position the tool guide so that one or more of a desired location, 
orientation, depth, and rotation are achieved. Once the tool guide has been positioned, the tool 
guide may be secured in place, and the tool inserted as desired. 

According to a second embodiment, only the tool used in connection with the tool guide 
15 includes the emitters and indicators. In such an embodiment, the surgeon uses the indicators 

mounted on the tool to adjust its position. Of course, both the tool and the tool guide may include 
emitters and indicators. Similarly, the tool guide may contain emitters while the tool contains 
indicators, or vice versa. Hence, the position indicator system can be used to facilitate the 
positioning of a tool guide, either with or without a tool inserted therein, depending on the needs of 
20 a particular application. 

In operation, reference points are defined with respect to the patient*s anatomy and images 
of the patient are obtained. Depending on the requirements of a particular surgical operation, the 
surgeon designates a target location, entry point, trajectory, and/or rotation with respect to the 
image data using operator console 18. In cranial surgery, for example, the surgeon may designate 
25 the target as a point within a lesion and define an entry point on the exterior of the patient's 
anatomy. The surgeon may also elect to adjust the gain and threshold of the system indicators. 
After the patient is moved to the operating room, the patient and image reference frames are 
registered. The transforms between the patient, image, and tool reference frames are then be 
calculated by the computer 20. 

30 The system is first placed in location mode. The tip of the tool is then placed on an 

estimated entry point Position indicators 200, 202, 204, 206 indicate the direction in which the 
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probe tip 44 must be moved to reach the entry point. With reference to Figure 2A, indicators 204, 
206 may be illuminated to indicate diat the tip 44 should be translated generally in the direction of 
the illuminated indicators, with the blink rate providing an indication of the magnitude and direction 
of the required motion. For example, position indicator 204 may be blinking relatively slowly 
5 while position indicator 206 is blinking relatively rapidly. This would indicate that the tip 44 
should be translated ptedominantiy in the direction of the position indicator 206. The tip 44 is 
translated imtil the position indicators are no longer illuminated. Proper positioning can be verified 
with reference to the position of the tool as displayed with respect to the image data on one of the 
monitors 30. 

10 As described above, an advantage of the system is its rotational invariance. This property 

can be advantageously used to position the tool. The tool 40 is rotated about its z-axis until only 
one of the position indicators 200, 202, 204, 206 is illuminated. The tool tip 44 is then U-anslated 
in die direction of the illuminated position indicator. The indicator blink rate provides an indication 
of the required distance. 

15 The system can then also be used to place the tool 40 in the desired trajectory or orientation. 

The system is placed in trajectory guidance mode, and the illumination of the position indicators 
200, 202, 204, 206 is observed. The angular position of the tool is adjusted as indicated by the 
position indicators. As will be appreciated, the rotational invariance of the indicator system can be 
used by rotating the tool 40 about its z-axis until only one position indicator is illuminated. The 

20 distal end of the tool is tiien moved in the direction of the illuminated indicator. 

To determine the depth needed to reach a target, die system is placed in depth mode. 
Position indicators 200, 202, 204, 206 are illuminated sequentially in the clockwise direction to 
indicate that the tip of the probe should be moved in the -z direction and sequentially in the 
counterclockwise direction to indicate movement in the z direction, with the rate at which the 
25 indicators are sequentially illuminated providing an indication of the amount of movement needed. 
In an embodiment utilizing a multicolor depth indicator 208d as shown in Figure 2B, the color of 
the indicator indicates the direction of motion. 

The indicators 200, 202, 204, 206, 208 or otiier display may advantageously be mounted 
remote from the surgical tool 40 but convenient to the surgeon's line of sight. Thus, the indicators 
30 may be mounted in a known position on the patient support 10, the patient securing means such as 
head clamp 16, to a separate stand, or the like. Because the position and orientation of the 
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indicators and hence the indicator reference frame is known in relation to the patient reference 
frame, the appropriate indicators can be illuminated to indicate the direction in which the tool 
should be moved, taking into account the relative orientations of the indicator and patient. Stated 
another way, positional information is provided with respect to the indicator reference frame. 

5 The relative positions of the patient and the indicators may change during the course of a 

surgical procedure. For example, the position of the patient may be changed for the convenience 
of the surgeon or due to physiological motion such as respiration. Similarly, the surgeon may 
wish to move the indicators, for example to a more convenient location. By determining the 
relative positions of the patient and display, the appropriate indicators may be illuminated to 
10 account for changes in the relative positions. 

This principle may be illustrated with reference to Figure 4, it being understood in the 
present context that the display is mounted separately from the tool. Again, the signals provided 
by the position indicators are rotationally invariant In this context. Figure 4A depicts the display 
in location mode with position indicators 204, 206 illuminated to indicate die direction in which the 
15 tool should be moved. The upright letter "A" indicates the rotational orientation of the display with 
respect to the patient. As indicated by the inverted letter "A," Figure 4B depicts the relative 
positions of the patient and display rotated by 180 degrees. Position indicators 200, 202 are now 
illuminated and indicate that the direction of the translation of the tool tip remains unchanged. 

As will be appreciated, position of die indicators and hence the indicator reference frame 
20 may be determined by touching the tool tip 44 to three reference points defined in relation to the 
indicators. Similarly, the position of the indicators may be determined by placing three or more 
emitters on the indicator assembly such that the position of the indicators may be determined by the 
locating device. 

In some applications, it may be also be desirable to locate certain of the indicators on the 
25 surgical tool while others are remotely located. Thus, a depth indicator may be located on the tool 
40 while indicators for tip and trajectory guidance may be mounted to the patient support, or vice 
versa. 

The indicators may also be arranged in any number of configurations. With reference to 
Figure 2C, additional indicators may be mounted circumferentially to provide a more precise 
30 indication of the direction of motion. With reference to Figure 2D, additional detectors may also be 
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mounted radially, with the illumination of indicators in the radial direction indicating the distance 
the tool 40 should be moved. 

It will also be ^predated that the position indicators may be illuminated in a manner which 
is the opposite of that described above. Thus, an illuminated indicator may indicate that movement 
5 in a particular direction is not necessary; the tool is moved in the direction of a darkened indicator 
imtil it is illtuninated. 

The system may also be used to provide an indication that an indicator is inoperative. 
Thus, the system may cause the indicators to blink periodically. Similarly, the surgeon may enter 
an indicator test command using a foot pedal, switch, the operator console 18 or the like. This 
10 command illuminates all of the indicators so that an inoperative indicator is readily identified. 

Indicators other than LEDs may also be used. For example, graphic or alphanumeric 
displays such as LCD, LED, or elecroluminescent displays may be used. Use of a display having 
graphics capabilities facilitates the use of graphic symbols such as pointers to indicate a direction of 
motion. A display having alphanumeric capability allows the amount of required motion to be 
1 5 displayed numerically. 

The system may also be used to indicate that the tool has moved from a previously 
established position. For example, the surgeon may place the tool at the entry point using the 
location mode and then switch to the orientation mode to position the tool in the desired trajectory. 
An alarm is used to inform the surgeon if the location of the tool tip 44 is inadvertently changed. 
20 This alarm may be provided by an audible indication or a visible indication on the monitor 30 or 
one of the indicators. 

Both the direction and magnitude of the required motion can be indicated audibly using a 
loudspeaker, headphones, or the like. For example, means for synthesizing speech are well 
known in the art. Based on the difference between the actual and desired positions, and indication 

25 of one or both of the direction and magnitude of the required motion of the tool can be generated. 
For example, the tool movement can be communicated relative to the patient reference frame by 
providing guidance such as "move posterior three millimeters" or the like. The magnitude of tiie 
required motion can also be indicated by an audio tone. For example, a large displacement can be 
indicated by a relatively high frequency tone, with a small displacement indicated by a relatively 

30 low frequency tone. 
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The invention has been described in relation to its preferred embodiment Of course, 
modifications and alterations will occur to other upon reading and understanding the preceding 
detailed description. It is intended that the invention be construed as including all such 
modifications and alterations insofar as they come within the scope of the appended claims or the 
'5 equivalents thereof. 
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